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Abstract 
A chip-based viscosity and density sensor which requires a sample volume of less than 10 ȝl is presented. A resistive 
heater and a temperature sensor are provided for accurate and fast temperature dependent measurements. An 
inductive readout of the resonance frequency and the damping further facilitates the measurement procedure. Thereby 
high resolution measurements of fluid properties are easily made in view of their analysis in the context of 
thermorheologically simple materials. 
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1. Introduction 
A common method to determine the properties of a fluid is to measure the resonance frequency and the 
damping of a vibrating mechanical structure immersed in the fluid under investigation. The use of a 
cantilever is probably the most prominent implementation of such a vibrating sensor. Different methods 
to measure the deflection of the cantilever exist. They range from optical methods, such as using a laser 
beam [1] or laser infrared technology [2] to piezo resistors which are fabricated on top of the cantilevers 
[3]. These methods need either a light source which is often too expensive for real life applications or 
additional fabrication steps. The measurement of the electromotive force (emf) which is induced by a 
conductor moving in a permanent magnetic field overcomes these disadvantages. When electromagnetic 
forces are also used to excite the vibrations, the challenge with an inductive readout is the fact that the 
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excitation voltage has amplitudes which are much larger than the emf in general. Our approach is to 
separate excitation and readout in the time domain by gating, while at the same time keeping a phase 
locked loop for precise measurements [4]. This results in much simpler devices having excellent 
sensitivity and resolution.  
Since the properties of fluids highly depend on the temperature, accurate temperature control is crucial. 
This task is fulfilled by a resistive heater which is mounted to the sensor chip. A temperature sensor is 
fabricated on the heater chip as well. The heating system is used to bring the sample fluid to different 
temperatures, which allows a fast characterization of thermorheologically simple materials due to the 
small thermal inertia of the system. 
2. Viscosity and density measurement 
The mechanical structure which is used for the measurement of the fluid properties in this paper is a 
1600 ȝm long U-shaped silicon beam (Fig. 1 a). It is excited by the Lorentz force which is generated by 
an external permanent magnetic field and an alternating current flowing through the transverse beam. The 
silicon beams have multiple metallic conductor loops evaporated on top of them which amplify the 
Lorentz force as well as the emf. 
In order to determine the viscosity and density, the resonance frequency fres and the damping df of the 
vibrating beam are measured. In this work this is done by measuring three points in the phase curve as 
shown in Fig. 1 b). The first point is at 0° phase difference between beam velocity and excitation. It 
reveals the resonance frequency. The other two frequencies are measured at ± 45° phase difference. The 
difference df between these two frequencies is a measure for damping. The Q-factor of the system is then 
given by Q=fres/df. 
The phase difference between excitation and beam velocity is controlled with a gated phase locked 
loop. The electromotive force emf from the moving beam is fed into a controller which keeps the phase 
between this signal and the output signal of a voltage controlled oscillator at a given phase difference Į. 
Since the emf is in the order of 10-6 V and the driving voltage is in the order of several 100 mV, excitation 
and readout are separated in time by an electronic gate (Fig. 1 c). With this method, electric cross talk is 
reduced drastically. 
 
                                       a)         b)      c) 
Fig. 1: a) Photograph of the assembly b) phase curve with df and fres indicated, c) time signal of the gated PLL measurement scheme. 
Either by calibration or by using a mechanical model the viscosity or the density can then be calculated 
from fres and df. The model of the vibrating beam used in this work is based on a clamped-free Euler-
Bernoulli beam with a point mass attached at the free end. The mass represents the transverse beam (see 
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insert in Fig. 3). The influence of the fluid on the mechanical structure is modeled as a force per unit 
length on the beam. With this model it is possible to calculate the resonance frequency and damping for 
different properties of the fluid. A complete description of the model including the mechanics and the 
fluid-structure-interaction has already been published [5].  
3. Temperature control 
The temperature is controlled with a resistive heater on a separately fabricated chip (Fig. 2b). The chip 
has a meander like platinum wire for heating, evaporated on a 300 ȝm thick silicon substrate. A smaller 
resistor is evaporated on the same chip to measure the temperature. The resistors are connected to a 
computer controlled voltage source and a digital multimeter.  
A uniform temperature field within the fluidic chamber is of high importance due to the sensitivity of 
the measured quantities to temperature. In order to quantify the temperature field, a 3D thermodynamic 
finite element (FE) model was built in Comsol® Multiphysics. The model includes the heater chip with 
the resistors, the resonator chip and the plastic lid. The temperature difference within the liquid at an 
average temperature of 95°C is calculated to be less than 0.6°C at steady state. According to the FE model 
heating rates of up to 10°C/s can be reached. This value was confirmed experimentally.  
4. Fabrication and experimental characterization 
A schematic sketch of the fabrication process is shown in Fig. 2a. Each beam of the U-shaped 
cantilever has a length of 1600 ȝm, a width of 200 ȝm, and a thickness of 70 ȝm. The cantilever, the 
heater and the lid are first fabricated each in a separate process line. Then the PDMS lid with the fluidic 
connections is bonded to the resonator chip by oxygen plasma activation of the surfaces. The heater chip 
is bonded with an adhesive to the backside of the resonator chip. The electrical contacts to the resonator 
and the heater are made by wire bonding to a printed circuit board.  
 
 
 
 
 
 
 
 
 
 
Silicon
Silicon nitride
Gold
Platinum
(a) (b)
1
2
3
4
 
Fig. 2: Fabrication steps. Resonator chip a): An insulating layer of silicon oxide and the gold layer are deposited and structured (1). 
The cantilevers are formed by dry etching from the front (2) and backside (3). A protective layer of silicon nitride is deposited at the 
end (4). The lid is fabricated by mold casting PDMS on a dry etched silicon mold and punching holes afterwards. Finally the parts 
are assembled (b) with plasma bonding (PDMS to resonator chip) and adhesive bonding (heater to resonator chip). 
The sensitivity and resolution to viscosity and density were determined with different liquids having 
the same value of either quantity. Table 1 shows the values obtained from these measurements. An 
excellent resolution can be achieved by measuring either the resonance frequency or the damping.  
Fig. 3 shows measurements of fres and df at different temperatures up to 45°C with water and a 5% 
solution of glycerol. As expected from the model, the resonance frequency increases with temperature 
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and the damping decreases with temperature. However the model has an offset in the prediction of the 
resonance frequency and the frequency difference. This effect comes mainly from the corners of the 
cantilever which are not modeled accurately enough with the simple beam model. 
Table 1: Experimental values for the sensitivity and resolution. 
 
 
 
 
 
Figure 3: Measurement of the resonance frequency and the damping at different temperatures.  
5. Conclusions 
A temperature controlled micromechanical system for viscosity and density measurements has been 
shown. The system has high sensitivity and a resolution below 0.01 mPas. Measurements with 
temperatures up to 45°C were shown. Due to the small thermal inertia heating rates of up to 10°C/s can be 
reached. 
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 Sensitivity  Resolution 
 df fres df fres
Density -0.46 [Hz m3/kg] -2.9  [Hz m3/kg] 4.3   [kg/m3] 0.7  [kg/m3] 
Viscosity  266   [Hz/mPas] -171  [Hz/mPas] 0.008 [mPas] 0.01 [mPas] 
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